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New limit of pion form factor at very large Q2
B.A.Li
Department of Physics and Astronomy, University of Kentucky, Lexington, KY 40506, USA
A new limit of pion form factor at very large Q2 is obtained by using a pion wave function determined from an
effective chiral field theory of mesons. It shows that when Q2 >> (1.8GeV )2 the pion form factor reaches the
asymptotic limit
αs(Q
2)
Q2
.
Pion form factor is a very important quantity in
hadron physics.
In 1973 the quark counting rule [1] predicts
Fpi(Q
2) ∼ 1
Q2
. (1)
Perturbative QCD [2] predicts that dominance of one
gluon exchange at large Q2
Fpi(Q
2)|Q2→∞ = 4piαs(Q2)f2pi/Q2. (2)
The issue in the study of Fpi(Q
2) is that the pion wave
function or the distribution amplitude is a quantity of
nonperturbative QCD. Other different pion distribu-
tion amplitudes are discussed in the light-cone formal-
ism too. For example,
{x(1− x)} 12
this new function increases the the value of Fpi(Q
2)
at Q2 → ∞ by 16
9
relative to the prediction obtained
by x(1-x). Different distribution amplitude leads to
different asymptotic value of Fpi(Q
2) at Q2 →∞. The
determination of pion wave function or distribution
amplitude is still a open question. In this talk another
BS wave function of pion is introduced to calculate
Fpi(Q
2) at large Q2.
According to Mandelstam’s representation, the cur-
rent matrix element of pion is written as
< pi+|jµ(0)|pi+ >=
∫
d4k2
∫
d4k1Tr{φpi(k1, pf)a
TH(k1, k2, pf , pi)µφpi(k2, pi)} = Fpi(Q2)Pµ. (3)
The same pion wave function should determine
Fpi(Q
2) at both low Q2 and high Q2.
Current algebra is successful in studying hadron
physics at lower energies, in which chiral symmetry
plays essential role. Based on QCD and current al-
gebra an effective chiral Lagrangian of pseudoscalar,
vector, and axial-vector mesons is constructed [3] as
L = ψ¯(x)(iγ · ∂ + γ · v + γ · aγ5 −mu(x))ψ(x)
+
1
2
m20(ρ
µ
i ρµi + ω
µωµ + a
µ
i aµi + f
µfµ), (4)
where aµ = τia
i
µ + fµ, vµ = τiρ
i
µ + ωµ, u =
exp{iγ5(τipii + η)}, m is the constituent quark mass
and it originates in quark condensation. Therefore,
this theory has dynamical chiral symmetry breaking.
Integrating out the quark fields, the Lagrangian of
mesons is obtained. The tree diagrams of mesons are
at leading order in NC expansion and loop diagrams
of mesons are at higher order. In the limit, mq → 0,
explicit chiral symmetry is recovered. It is known that
chiral symmetry, quark condensation and NC expan-
sion are from nonperturbative QCD. Meson physics
at lower energies has been extensively studied by this
Lagrangian. Theory agrees with data very well.
The pion decay constant is defined
f2pi = F
2(1− 2c
g
),
F 2
16
=
NC
(4pi)2
∫
d4k
m2
(k2 +m2)2
,
c is determined to be c =
f2
pi
2gm2
ρ
,
g2 =
2
3
NC
(4pi)4
∫
d4k
1
(k2 +m2)2
=
1
6
F 2
m2
.
fpi and g are the two parameters of this theory. g =
0.39 is determined from the decay rate of ρ → ee+.
The cut-off Λ of the integrals is determined to be Λ =
1.8GeV .
The pion form factor is derived up to the fourth
order in covariant derivatives [4]
|Fpi(q2)|2 = f2ρpipi(q2)
m4ρ + q
2Γ2ρ(q
2)
(q2 −m2ρ)2 + q2Γ2ρ(q2)
,
fρpipi(q
2) = 1 +
q2
2pi2f2pi
[(1− 2c
g
)2 − 4pi2c2],
Γρ(q
2) =
f2ρpipi(q
2)
12pig2
(1− 4m
2
pi
q2
)
3
2 .
In these equations there is no new adjustable param-
eter. At q2 = m2ρ Γρ = 150MeV which is consistent
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with data. Fpi(q
2) consists of two parts: the ρ pole
and an intrinsic form factor fρpipi(q
2) which is obtained
from quark loop. The intrinsic form factor is a new
result of this theory. The ρ-pole form factor of pion
has shortcomings: in space-like region it decreases too
slow and in time-like region it decreases too fast. The
intrinsic form factor redeems these two problems. The
comparison between the theory and the data is shown
Figure 1: Pion form factor
The radius of charged pion is obtained
< r2 >pi=
6
m2ρ
+
3
pi2f2pi
{(1− 2c
g
)2 − 4pi2c2}
= 0.452fm2. (5)
The experimental data is (0.439±0.03)fm2. The con-
tribution of the ρ pole to < r2 >pi is 0.395fm
2.
In the leading order in NC expansion(ignore the
loop diagrams of mesons) a pion is made of constituent
quark pair with ρmeson cloud. The intrinsic form fac-
tor is obtained from the quark pair component and the
ρ− pole of Fpi(q2) is from the ρ meson cloud.
The BS wave function of pion can be defined in
this theory. The pion fields have two sources: u =
exp{iγ5pi} = 1 + iγ5pi + ... and the shifting aµ →
aµ(physical) − cg∂µpi, which is caused by the mixing
term aiµ∂µpi
i obtained from quark loop diagram. Com-
bining these two sources together, the vertex related
to pion is obtained as
Lpi = −2im
fpi
ψ¯τiγ5(1 + i
c
g
γ · ∂
m
)ψpii. (6)
The wave function of pion is derived as
φ(z, p) =< 0|{ψ(z
2
)ψ¯(−z
2
)}|pi(p) >
=
2
√
2m
fpi
1
(2pi)4
∫
d4k
e−ikz
(k2 −m2)((k − p)2 −m2)
(γ · k +m)γ5
(1 +
c
g
γ · p
m
)(γ · k − γ · p+m). (7)
fpi can be derived by the pion wave function too
Trφ(0, p)γµγ5 =
i√
2
fpipµ. (8)
The pion mass has been derived as
m2pi = −
4
f2pi
< ψ¯ψ > (mu +md). (9)
In the chiral limit, mq → 0, m2pi → 0. Goldstone theo-
rem is satisfied. The three form factors of pi− → eγν,
pi − pi scattering, pi0 → γγ, and many other processes
in which pion is involved are successfully studied by
this theory.
The pion wave function determined by this theory is
successful in studying pion physics at lower energies.
Now this wave function is used to study pion form
factor at large Q2. At large Q2 perturbative QCD is
working. Using the pion wave function and TH with
one gluon exchange the matrix element of current of
pion is written as
< pi+|jµ|pi+ >= 2m
2
f2pi
Trλaλag2s
∫
d4k1d
4k2
{ 1
(k1 − k2 + pi − pf )2
1
(k1 + pi − pf )2 Trγνφpi(k1, pf )
γµγ · (k1 + pi − p2)γνφpi(k2, pi)
+
1
(k1 − k2 + pi − pf )2
1
(k2 + pf − pi)2 Trγνφpi(k1, pf )
γνγ · (k2 + pf − pi)γµφpi(k2, pi)}, (10)
where φpi(k, p) is the pion wave function in momen-
tum space, k is the internal momentum and p is the
momentum of the pion,
φpi(k1, pf ) =
1
(2pi)4
1
(k21 −m2)[(k1 − pf )2 −m2]
[γ · (k1 − pf ) +m]γ5(1− c
g
γ · pf
m
)(γ · k1 +m),
φpi(k2, pi) =
1
(2pi)4
1
(k21 −m2)[(k2 − pi)2 −m2]
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(γ · k2 +m)γ5(1 + c
g
γ · pi
m
)[γ · (k2 − pi) +m]. (11)
For Q2 >> Λ2((1.8GeV )2)
< pi+|jµ|pi+ >= 2m
2
f2pi
Trλaλag2s
1
Q4
∫
d4k1d
4k2
{Trγνφpi(k1, pf )γµγ · (k1 + pi − p2)γνφpi(k2, pi)
+ Trγνφpi(k1, pf)γνγ · (k2 + pf − pi)γµφpi(k2, pi)}(12)
and the pion form factor at Q2 >> (1.8GeV )2 is ob-
tained
Fpi(Q
2) = 4piαs(Q
2)f2pi
1
Q2
1
18
(1− 2c
g
)−2 (13)
{2c
2
g2
+ (1− c
g
)(1− 4c
g
)− 1
4pi2g2
(1 − c
g
)(1 − 2c
g
)}.(14)
The numerical result is
Fpi(Q
2) = 2.65× 10−24piαs(Q2)f2pi
1
Q2
. (15)
It is interesting to mention that at high Q2 the ρ-pole
with one gluon exchange behaves like 1
Q4
. Therefore,
at high Q2 the contribution of ρ-pole can be ignored.
The numerical value of the coefficient of the new
limit of the pion form factor is much smaller than
previous one. It can be tested by experimental mea-
surements of the Fpi(Q
2) at very large Q2.
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